The eleven energetically lowest pure rotational transitions, J ← J − 1 (J = 1, 2,... ,11), of H 13 CN, H 13 C 15 N, and HC 15 N in the ground and first excited bending state were measured. By operating the Cologne Tetrahertz Wave Spectrometer up to 1 THz in the sub-Doppler mode, a transition frequency accuracy of a few kHz is achieved. These measurements were carried out at frequencies between 80 -950 GHz. In addition, some transitions of the three isotopomers with rotational quantum numbers J = 20, 21, 22, 23 have been measured in Doppler-limited resolution near 2 THz, using the frequency stabilized Cologne Sideband Spectrometer for Terahertz Applications (COSSTA). Furthermore, direct l-type transitions of H 13 CN in the first excited bending state with J up to 35 have been measured. These new data are of particular importance, since we discovered highly excited circumstellar H 12 CN recently. A global fit of the newly enlarged data set together with existing carefully screened ro-vibrational data yields molecular constants which are highly reliable and of great importance both for astrophysical observations and laboratory applications.
Introduction
Recently, our laboratory has undertaken on HCN a combined laboratory and interstellar investigation. The results have been partly published in the form of six papers on HCN [1 -5] and DCN [6] . From the five papers on HCN, [2, 3] rely essentially on saturation dip measurements, which can routinely be carried out with our Cologne Terahertz Spectrometer up to about 1 THz. Paper [4] presents precise measurements of H 12 CN and H 13 CN ground state pure rotational lines from 265 GHz up to 1.6 THz, which were obtained by employing the techniques of planar Schottky diode multipliers pumped by Backward Wave Oscillators (BWOs). The paper [5] consists of a collaboration with our colleagues from Prof. T. Amano's group at Ibaraki University and concentrates on the higher excited vibrational states, 0932-0784 / 04 / 1100-0861 $ 06.00 c 2004 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com which are measured exclusively in Doppler limited resolution.
The present paper contains our recent sub-Doppler laboratory data on H 13 CN, H 13 C 15 N and HC 15 N in the ground and first excited bending state.
The most comprehensive work to date on the pure rotational spectra of these species is by Preusser and Maki [7] , who recorded low J rotational transitions between 170 and 450 GHz for the ground and several vibrational excited states. The hyperfine structure of H 13 CN was, however, not fully resolved by their Doppler-limited measurements. The same holds for transitions reported in our previous paper [4] on HCN and H 13 CN. Additional information on the hyperfine structure of H 13 CN can be found in [8] by Pearson et al. , who investigated the J = 1 ← 0 and J = 2 ← 1 transitions of all three isotopomers in the vibrational ground state. Therefore, to constrain the molecular hyperfine constants for H 13 CN and higher order centrifugal distortion parameters for all isotopomers, we performed high accuracy sub-Doppler (up to 1 THz) and Doppler measurements (around 2 THz) in both the vibrational ground and first excited bending state.
This present paper is also in response to our recent investigation of new, highly excited states including direct l-type transitions of H 12 CN in the υ 2 = 1 state [3] . These laboratory data were supplemented by using the full sensitivity of the 100 m telescope of the Max Planck Institute for Radioastronomy at Effelsberg to detect the l-type doubling transitions of HCN in the hot circumstellar envelope CRL 618 (Thorwirth et al., 2003 [1] ).
In a similar approach, we measured direct l-type transitions of H 13 CN to high J-values and frequency, extending the range of known transitions (as reported by Winnewisser et al. [9] ) considerably.
All these measurements are to be seen within the framework of a broad contribution from the laboratory of the Cologne Observatory for sub-Millimeter Astronomy, KOSMA, in providing highly precise state of the art data sets on molecules of astrophysical importance, e.g., CO, CS, and free radicals with their isotopomers. These data will be published in the CDMS (Cologne Database for Molecular Spectroscopy) as a service to the astronomical community interested primarily in molecular line work (See the web site www.cdms.de) [10] .
The remainder of this paper on the HCN isotopomers will follow the lines chosen for the H 12 CN isotopomer paper [2] . We will refer quite extensively to this paper because we used it to pave the way which all other papers in this series follow. After a short description of the configurations of the spectrometers employed, we will give a quick overlook of the measurements and the analysis of the data as well as a discussion of the degree of reliance of additional transition frequency predictions.
Experimental Techniques
In principle, with our spectrometers, we are able to cover a broad frequency region from about 54 GHz (microwave region) to 2 THz, which corresponds to the shorter millimeter wave region. These spectrometers have been optimized for performance in three different frequency regions by using exclusively russian made BWOs as microwave power sources:
(i) At about 54 GHz to 178 GHz, where the direct l-type transitions of HCN reach their maximum intensity, we use a commercial spectrometer from Analytik & Messtechnik GmbH, Chemnitz (AMC) [11] to perform measurements with Doppler resolution.
(ii) The frequency region from about 70 GHz to 1 THz is basically reachable with the Cologne Terahertz Spectrometer, which has been described repeatedly in different journals (e. g. G. Winnewisser (1995) [12] ). Due to the high output power of the employed BWOs and their high spectral purity, it is possible to use the spectrometer in sub-Doppler mode. To reach frequencies above 1 THz, the Cologne Terahertz spectrometer can be combined with different high frequency multipliers [4] at the output stages of the BWOs. These planar Schottky diode devices have been used in the KOSMA laboratories of Cologne University to cover the frequency region between 1 and 2 THz.
(iii) The third spectrometer is the Cologne Sideband Spectrometer for THz Applications (COSSTA), which has been optimized to operate at present from 1.75 to 2.01 THz [13, 14] . The use of different gases in the pump laser allows, in principle, wide tuning steps to be taken. The uniqueness of this spectrometer rests in the mixing of the frequency-stabilized radiation of a FIR ring-laser system operated at a fixed frequency system of 1.626 THz with the output of a frequencyand phase-stabilized BWO.
Measurements
All measurements performed on the different isotopomers of HCN were carried out with isotopically enriched samples. The pressure in the absorption cell was kept at a dynamical pressure level between 8 · 10 −3 and 0.15 Pa for the sub-Doppler measurements. However, the Doppler limited measurements on high J Rbranch and on the direct l-type transitions require 0.1 to 1 Pa at temperatures of 300 and 500 K. For each of the three isotopomers H 13 CN, HC 15 N, and H 13 C 15 N, the energetically lowest rotational transitions J ← J − 1 in the ground (J = 1, 2,...,11) and first excited bending state (J = 2, 3,...,11) were measured. In addition we observed some high J transitions up to J = 24 ← 23 in the 2 THz range and, for H 13 CN, direct l-type transitions for J up to 35. The data presented here on H 13 CN are unique in the sense that all the rotational transition frequencies up to 1 THz have been recorded by saturation tech- Table 4 , whereas Table 5 contains data of the H 13 C 15 N isotopomer.
The H 13 CN Isotopomer

S u b -D o p p l e r M e a s u r e m e n t s : L a m b D i p s a n d C r o s s o v e r D i p s
It is well known that the power saturation of the purely Doppler broadened line profile produces a fairly narrow (about 40 kHz) dip at the center of the transition. In addition to the Lamb dips, which are always present, crossover-dips can occur only if two condi- tions are met simultaneously: (i) the participating transitions have to share an energy level, and (ii) the level separation has to be within the Doppler width. This latter condition is fulfilled for most R-branch transitions which are presented here (see Fig. 1.3 ). The theory of Lamb dips and crossover dips has been worked out by Oka and collaborators [15, 16] , and has been applied to the discussion of numerous spectra, particularly also to the H 12 CN data [2] . As an example for the occurrence of saturation dips we compare the traces of several line profiles of H 12 CN (see Fig. 2 of [2] ) and H 13 CN (see Fig. 1 ) for different rotational transitions: J = 2 ← 1, J = 3 ← 2, and J = 7 ← 6 in the vibrational ground state.
The trace of the J = 2 ← 1 transition in Fig. 1 .1 represents the absorption profile with the Lamb dips at 172 678 MHz center frequency. A total of 6 hyperfine components is expected, but usually only 5 are clearly identified. The 6 th hyperfine component F = 1 ← 2 is the weakest and carries only about 0.6% of the transition's total intensity. However, we have tentatively marked the frequency position of the F = 1 ← 2 line. It is just on the limit of detection. It may be noticed that the J = 2 ← 1 absorption profile consists only of saturation dips, but no crossover dips. Similarly, the J = 3 ← 2 transition in Fig. 1.2 . also shows only saturation dips, and no crossover dips, a fact that finds its explanation in a frequency separation larger than the Doppler width of the individual F components. The recorded Doppler profiles for the transitions J = 2 ← 1 and 3 ← 2 are printed above the saturation absorption trace. In our H 12 CN paper [2] we have given as an example the energy level scheme of the J = 7 ← 6 transition (see Fig. 2.5 of [2] ). Accordingly we show in Fig. 1 .3 the 7 ← 6 transition of H 13 CN in sub-Doppler resolution. We want to pick out this transition once more to discuss the sub-Doppler spectrum in detail. Each rotational level, i. e. J = 6 and J = 7, is split by the hyperfine interaction into three hyperfine levels. Together with the hyperfine selection rules (∆ F = 0, ±1), one expects for each rotational transition a splitting into 6 hyperfine components. As aforementioned, the ∆ F = −1 component is usually too weak to be observed. Therefore, J = 7 ← − . 6 splits into 5 components, where the stronger ones follow ∆ F = +1 with F = 8 ← 7, 7 ← 6, 6 ← 5, and the two weaker components ∆ F = 0 with the two components F = 7 ← 7, 6 ← 6. In addition, crossoverdips show up clearly, occuring as two paired, overlapping transitions, C 87−77 / C 77−76 and C 76−66 / C 66−65 (see [2] for details on the notation).
First vibrational excited state
Like most linear polyatomic molecules with a closed electronic shell, HCN exhibits an 1 Σ electronic ground state. The bending vibration υ 2 displays two degenerated first excited states, υ 2 = 1 e and υ 2 = 1 f , which have a vibrational angular momentum |l| = 1 along the molecular axis. The l-type degeneracy is lifted by Coriolis interaction of the vibrational and the rotational angular momentum. Figures 2.1 and 2.2 show the J = 3 ← 2 transition in the υ 2 = 1 e and υ 2 = 1 f state. The pattern of hyperfine transitions looks almost the same for the ground (see Fig. 1.2 ) and the two excited bending states, although the relative positions of the F = 2 ← 1 and the F = 3 ← 2 transition are exchanged. Direct l-type transitions in the excited bending vibrational mode are Q-branch transitions which obey the selection rule J, f ← J, e. We have measured 10 new lines with quantum numbers J = 19, 20, 28,...,35 (see Table 3 ). These transitions do not contain any information on the rotational constant B, but allow the evaluation of the l-type doubling constant q and its centrifugal distortion corrections with high accuracy. H 12 C 15 N and H 13 C 15 N Isotopomers Because of the zero electric nuclear quadrupole moment of 15 N, the two isotopic species H 12 C 15 N and H 13 C 15 N do not exhibit a measurable hyperfine structure. The spectra up to 900 GHz were nevertheless recorded in sub-Doppler resolution, with the objective of improved frequency accuracy (a factor of 5 -10 for most lines). As examples we show in Figs. 3 and 4 spectra of the H 12 C 15 N and H 13 C 15 N J = 7 ← 6 transitions in sub-Doppler resolution. Above 1 THz all the lines were measured in Doppler-limited resolution with estimated errors of about 50 kHz. Possible nuclear spin-rotation, and spin-spin interaction splittings due to the magnetic moments of H, 13 C and 15 N were not resolved in our experiments. We performed, however, calculations including the interaction of all participating nuclei. The corresponding constants have been calculated from the nuclear spin-rotation constants of hydrogen-cyanide published by Garvey and De Lucia [17] . The found splitting of the strong hyperfine components lies with a few kHz well below the achieved sub-Doppler resolution. Although this splitting is not resolved, it might cause a substantial broadening of the lines.
The
Analysis
The energy expression of a linear molecule with a degenerated bending mode including hyperfine interaction can be written as [18] :
Here B, D, H denote the rotational spectroscopic constants, eQq is the nuclear electric quadrupole coupling constant, C I the magnetic spin-rotation coupling constant, F = J + I the total angular momentum,
and C = F(F + 1) − J(J + 1) − I(I + 1) Casimir's function. Furthermore, for vibrational excited states the ltype doubling constant q, its centrifugal distortion corrections q J , q JJ and q JJJ and the asymmetry parameter η have to be considered. The value of the last parameter can be deduced from the parameter eQqη = eQq 1 × η, which is given in Table 6 . The subscript v denotes the vibrational quantum number. According to the scheme proposed by Brown et al. [19] the rotational sub-levels of the first excited bending mode are labeled as e and f , where the e levels are energetically lower than the corresponding f levels. [20] . For these two isotopomers, the band center frequency of the lowest bending mode, ∆ E = G 1 − G 0 , could be derived. To our knowledge there exist no ro-vibrational data on the lowest bending mode of H 13 C 15 N. Therefore we performed a separate fit of the ground and first excited bending state in this case. For all three isotopomers, also data on direct l-type transitions between 8 and 52 GHz have been included in the fit [9] .
The derived, highly precise spectroscopic constants of all isotopomers can be found in Tables 6 -8 .
Because of the large 14 N electric quadrupole moment, the hyperfine splitting of H 13 C 14 N is clearly resolved, and the magnetic spin rotational constant C I ( 14 N) could be determined for the first time. The splitting of energy levels induced by any other coupling constants could not be resolved, and the corresponding interactions where thus neglected in the analysis.
Results and Conclusions
The most reliable set of molecular and hyperfine constants so far for H 13 A simultaneous fit to a selected set of high precision measurements to the energy expression of a linear molecule has been performed. In addition to B, D, and H we determined for the H 13 CN isotopomer the electric quadrupole coupling constant (eQq), the asymmetry parameter η, and the magnetic spin rotation constant C I ( 14 N). For the other examined species, the hyperfine structure due to the H, 13 C, and 15 N nuclear spin could not be resolved. However, the newly received data set includes rotational transitions of three HCN isotopomers up to J = 24 ← 23 (at around 2 THz) in the ground and first excited vibrational bending state with high frequency accuracy. Furthermore, the combination of existing data and the newly measured transitions represents the most comprehensive data set to date, with yet unprecedented high accuracy at high frequencies. This is of importance for astrophysical observations, since with the future satellite mission Herschel and the Stratospheric Observatorium for Infrared Astronomy (SOFIA) high resolution observations up to 2 THz will be possible. With this new data set it is now possible to predict transition frequencies of the H 13 CN, HC 15 N and H 13 C 15 N isotopomers up to 2.5 THz with frequency uncertainty of less than 100 kHz. The newly calculated line predictions will be implemented in the Cologne Database for Molecular Spectroscopy (CDMS) at www.cdms.de [10] and thus be freely available for the spectroscopical and astronomical community. 
Introduction
The physical and chemical properties of molecules depend on the pH of the solution. Inclusion of the proton exchange phenomena can be crucial for the results of computer simulations of molecules [1, 2] . We analysed the ionization equilibria of a series of dicarboxylic acids as test of a simulation method we are developing. Our algorithm employs molecular dynamics (MD) simulations with an implicit, dielectric continuum solvent, in connection with Poisson-Boltzmann electrostatics calculations (constant-pH MD). A detailed description of our approach is presented in [3] .
Methods and Results
We choose monocarboxylic butyric acid for adjusting the model pK a [4] appropriate for dielectric constants of the interior (value of 1.5) and the exterior (value of 80.0) of the molecules and sets of partial charges assigned to model the ionized (deprotonated) and neutral (protonated) state of the carboxylic group shown in Figure [1] .
For this purpose we generated constant-pH MD trajectories of butyric acid at several pH values. Trac- ing the trajectory-averaged charge of the molecule as a function of the pH, we found that the model pK a value of 4.5 reproduces the experimental pK a for butyric acid with an accuracy of 0.1 pH units. We adopted this value of the model pK a for the studied dicarboxylic acids.
Having this parametrization, we performed constant-pH MD simulations for pH values in the range from 1 to 8 of the molecules of interest, using the protocol described in [3] .
The average number N of protons bound to the molecule computed based on the ensemble of structures taken from the constant-pH trajectory for a given pH value can be described by [5] N = 10 pK 2 −pH + 2 × 10 pK 1 +pK 2 −2pH 1 + 10 pK 2 −pH + 10 pK 1 +pK 2 −2pH .
This equation represents the titration curve of the dibasic molecule and is sufficient to determine the apparent pK a values of its titratable groups.
Our results, summarized in Table 1 and Fig. 3 , indicate that the constant-pH MD simulation gives reasonable agreement with experimental data. Previously presented approaches to an analysis of the ionization equilibria of dibasic aliphatic acids [6, 7] ignored the conformational flexibility of molecules and possible relations between conformational transitions and the ionization equilibria [8] .
